Introduction 39
Management of urban stormwater, i.e. rainwater that runs off paved urban areas, is 40 complex because of conflicting needs and objectives. Traditional stormwater 41 management technology in the form of sewers is installed with the aim of draining 42 stormwater efficiently to protect human health and human assets, but this practice often 43 disturbs the natural water cycle and has a multitude of other detrimental environmental 44 impacts (Schuster et al., 2005) . Alternative stormwater management has gained 45 increased attention in recent years due to different drivers such as aging infrastructure, a 46 wish for more cyclical rather than linear systems (Chocat et al., 2007) , and increases in 47 size and occurrence of extreme rainfall due to anthropogenic climatic changes 48 (Arnbjerg-Nielsen et al., 2013). A suite of newer structural and non-structural practices 49 for stormwater management has emerged, reflecting the different perspectives involved 50 and the needs for driving the stormwater profession in new directions. These are in the 51 following called stormwater control measures (SCMs) and represent technologies such 52 as stormwater best management practices (BMPs), green infrastructure (GI), low impact 53 development (LID), sustainable urban drainage systems/sustainable drainage systems 54 (SUDS/SuDs), and water sensitive urban design (WSUD) (Fletcher et al., 2015) . We 55 use SCMs in this article to refer to any combinations of practices, structures, or 56 implemented technologies that seek to reduce the negative environmental impacts of 57 sewer based stormwater systems. This is in line with the definition given by the 58
Committee on Reducing Stormwater Discharge Contributions to Pollution (2009). 59
SCMs have a multitude of expected impacts and a range of indicators can be used to 60 quantify these (Lerer et al., 2015) . In the case of SCMs for stormwater harvesting there 61 is often a conflict between the aim to reduce the impact on the natural water cycle and 62 the aim to substitute drinking water. A related challenge exists in balancing the aim to 63 manage large quantities over time, i.e. from an annual water balance perspective, and 64 the aim to manage extreme rainfall, i.e. from a single event's perspective. Therefore, 65
there is a need to better distinguish between the different functions SCMs may have 66 when quantifying and reporting their efficiency, as the following examples will show. 67
Efficiency of an SCM expressed as a fraction of the total rainwater volume over 68 extended periods of time, e.g. a year, can be misleading if used in a flooding context. The examples above show two important aspects in the evaluation of SCMs: 1) 86
Simulations with long time series of rainfall are necessary to determine how large a 87 proportion of the maximum efficiency of SCMs can actually be utilised in a more close-88 to-real setting, and 2) it is necessary to calculate and present the efficiency of an SCM 89 for both the annual volume and for individual extreme events separately because 90 controlling of large volumes on an annual basis is not the same as provision of flood 91 The method is applied to three theoretical SCM strategies for the City of Copenhagen, 108
Denmark 109
2
Methods and data 110
All data analysis in this study is based on the assumption that a water balance can be 111 made at the municipal level. In our study we focused on the rainfall above a defined 112 municipal area and the engineered flows (stormwater runoff, supply of potable water 113 and wastewater flow directed to the wastewater treatment plant) as these together pose 114 the greatest cost to society (Kenway et al., 2011 includes all events with T>10 years, but in order to constrain the domain and quantify 180 the point explicitly we chose a return period of 100 years, which is a commonly used 181 design criterion. 182
Using these quantitative definitions of the three points, we assigned each rainfall event 183
to its appropriate domain, summed up the rainfall volume in each domain and found the 184 characteristic rainfall depths for each domain based on the historic rainfall records. 185
Defining efficiencies of SCMs 186
We use the term efficiency to refer to a given SCM's capacity for managing and hence 187 altering flows in the urban water cycle. We define quantitative efficiencies (E) as 188 metrics related to three major urban water flows (Figure 2 The efficiency related to volumetric Rainfall (E r ) expresses how well an SCM is able to 196 exploit rainwater as a resource and is defined as: 197
V total annual rainfall is the direct input flow to the city wide water balance and E r thus 199 depends directly on the spatial extent of the considered area. E rmax is the spatially 200 independent efficiency metric expressing the ratio between managed volume (V managed ) 201 and the volume of rainfall received by the proposed SCM (V theoretical maximum ): 202
The efficiency in reducing potable water demand (E pw ) is a measure of how much an 204 SCM is able to decrease the potable water demand in the area of interest: 205
Finally, the efficiency in reducing the total wastewater production (E ww ) describes the 207 degree to which an SCM is able to alleviate the load on the treatment plant: 208
Together these four metrics of efficiency are used to quantify the potential impact of 210 SCMs on the major water flows in a city. 211
2.4
Conditioning the SCM efficiencies on the 3PA domains 212
The efficiency metrics defined above relate the individual volumes to key aggregated 213 annual water flows. In the following we outline how they were further conditioned on 214 rainfall domains using the 3PA. Hereby, the 3PA can be used to describe how well a 215 system designed for one rainfall domain functions when exposed to the defining rain 216 events of the other domains. 217
To calculate how much volume a structure designed for Point i manages when exposed 218 to an event of Point j we extend Eq. 2 to 5 as follows, illustrated with E r : 219
where f j is the fraction of the total annual rainfall volume that falls within Point j. g i,j is 221 the theoretical fraction of the rainfall that the SCM designed for Point i can manage 222 when exposed to a Point j event. The sum of f j 's over all three points will always be 1. 223 g i,j will be 1 for the design point and for any point below (with lower return periods) and 224 < 1 for any point above (with larger return periods); how much lower is determined 225 using historical rainfall records. 226
The g i,j is an engineering abstraction that reflects how an SCM will act under ideal 227 situations. In practice, the amount of rainwater an SCM can handle will depend on the 228 specific rain event depth but also on the volume of water already stored in the SCM at 229 the start of the rain event. Thus the g i,j calculated for each domain is a theoretical 230 maximum value that can only be achieved by over-sizing of the SCM (Water Pollution 231
Committee of the Society of Danish Engineers, 2005). Furthermore, the SCM capacity 232 expressed by g i,j will be reduced if the magnitude and return period of considered events 233 increase as the absolute amount of rainwater an SCM can handle is fixed. 234
The case study 235
The methodology outlined above was tested on the municipality of Copenhagen 236 considering three types of SCMs: two strategies for stormwater infiltration (cases 1 and 237 2) and one strategy for rainwater harvesting (case 3). 238
Copenhagen municipality 239
Copenhagen is almost fully urbanised, with major suburbs being part of surrounding 240 municipalities (see Table 1 ). The municipality has widespread combined sewer systems 241 resulting in a very large fraction of stormwater in the inflow to the wastewater treatment 242 plants under wet weather conditions (approximately 45% on an annual basis). 243 244 (Hauger and Binning, 2006) . The rainfall volumes presented in the 250 water balance are considered typical for the current conditions. Rainfall volumes in the 251 water balance (V's in Table 1 ) are based on only one year of data and are slightly (12%) 252 wetter than time series averages (Pr in Table 1 ). However, to maintain consistency it 253 was chosen to base efficiency metrics on the water balance. 254
We chose four different rain series of 20 years duration with 1-min resolution data, 255 which represent well the differences in mean annual precipitation within Denmark 256 (Table 2) . 257 258 The stormwater infiltrated in cases 1 and 2 cannot be directly used to replace potable 278 water and will therefore by definition gain an E pw value of zero (the importance of 279 increasing groundwater recharge is considered negligible). In all cases, we assume that when the capacity of the SCMs is exceeded it overflows to 289 the sewer system, which is designed for a return period of 10 years (Point B). For events 290 exceeding Point B SCMs overflow to the surface. 291 
Theoretical efficiency distribution 333
Eq. 5 is used to calculate what happens when an SCM designed for one point is exposed 334 to rainfall from other points. When a soakaway designed to store 20 mm of rain (Point 335 A) is exposed to a Point B event, i.e. 70 mm of rain, it will manage 20 mm (29%), and 336 50 mm (71%) will overflow from the structure. The inter-event time has little influence 337 on the annual volumes defining the different domains (Figure 4b) . The relationship 338 between the points in the 3PA expressed in the g i,j fraction, has been calculated using 339 the typical Danish rainfall events defined above (Table 3) . 340 341 Table 3 . Fraction of rainfall event depth that can be managed by a structure designed for 342 a specific point in the domains A, B and C dependent on the rainfall input domain. 343 
3PA efficiencies 344
The SCM in Case 1 (soakaways designed for Point A) manages 31% of the annual 345 rainfall (E r ) corresponding to 19 mill. m 3 year -1 (Table 4 ). The results reflect that the 346 structure is able to control 83% of the total water volume entering the structure (E rmax ). 347
Distributed in rainfall domains, the SCM manages 100% of the annual rainfall in Point 348 A, 29% of the annual rainfall in Point B and 18% of the annual volume in Point C. 349
The SCM in Case 2 (soakaways designed for Point B) manages slightly more rainfall on 350 annual basis with 37% (Table 4) . This corresponds to almost 100% (99.6% actually) of 351 the theoretical maximum volume (E rmax ), distributed with 100% for Point A and B rain 352 events, and 64% for Point C events. 353
The efficiency in reducing combined sewage (E ww ) is notable for both Cases 1 and 2, 354 with reduction percentages of 31-38%. Since infiltration does not affect the potable 355 water demand, E pw is zero for Cases 1 and 2. 356
The SCM in case 3 (rainwater harvesting for use in households) manages much less 357 water than in Cases 1 and 2, with E r of 9% (Table 4 ). The relative rainfall control 358 efficiency (E rmax ) is equal to that in Case 1 with 83%, but note that this may be 359 misleading since in our example the relevant catchment areas in case 3 comprise only 360 roofs, and thus only 5.7 mill. m 3 year -1 , respectively, are managed in Case 3. Although 361 the relative rainfall control (E rmax ) and the absolute volume managed in Case 3 are 362 significantly smaller than in cases 1 and 2, the 9.4% reductions in combined sewage 363 (E ww ) are still notable from the point of view of a wastewater treatment plant manager. 364
Since the harvested rainwater replaces potable water, there is also a marked reduction in 365 potable water demand (E pw = 17%). 366 Table 4 . Efficiency metrics for Cases 1 to 3 calculated using Eq. 2-6, given as percentages. The efficiency scores attained in the case study SCMs illustrate the conflict of goals 370 described in the introduction between managing large volumes of water over time and 371 managing single extreme events. Whether domain A, B, or C is the cause of concern is 372 case specific and will depend on the context of the catchment in question (Lerer et al., 373 2015) . For example, in some areas water conservation and reduction in potable water 374 use is a main concern and driver for SCMs (Campisano and Modica, 2015; Londra et 375 al., 2015) . In other areas, the main concern may be limiting combined sewer overflows 376 (Petrucci et al., 2012; Stovin et al., 2013) or to conserve the pre-development catchment 377 water balance (Henrichs et al., 2016 ) and the river flow regime (Fletcher et al., 2013) . 378
Finally, other places mainly respond to increasing flood risks (Zhou et al., 2013) . 379
Common for the cases is that inclusion of SCMs in the urban water management system 380 will influence the full water cycle and not only the component of main concern. This is 381 where our proposed efficiency metrics and the 3PA may help decision makers to 382 identify additional benefits or unexpected caveats of potential SCM setups. 383
From a volumetric point of view, all the SCMs analysed manage more than 83% of the 384 annual rainfall in their catchment area, as expressed by the relative rainfall efficiency, 385 E rmax . From a resource perspective this is very satisfactory as the SCMs considerably 386 ease the load on the wastewater treatment plant (assuming the catchments otherwise 387 drain to a combined sewers system), and in Case 3 the SCM also considerably reduces 388 potable water demand. In other words, this high overall efficiency of the SCMs, 389 corresponding to a very high efficiency in the everyday domain, reflects that these 390
SCMs perform well in terms of rainwater resource utilization. 391
However, the efficiency metrics scored in the two other 3PA domains, the design 392 domain and the extreme domain, reveal that the SCMs we analysed are less promising 393 in terms of flood risk mitigation. In Case 1 and 3 the SCMs manage 29% of the rainfall 394 volume for Point B events and 18% for Point C events, on an annual basis. These 395 numbers reflect an idealized situation where the entire storage capacity of the SCM is 396 available at the onset of the rain event. In reality, the storage will rarely be fully 397 available and the performance will be accordingly less efficient. An SCM dimensioned 398 to hold 20 mm of rainfall will not always be empty at the onset of a rain event and can 399
therefore not always manage all 20 mm. However, long term simulations indicate that 400 this has little influence on the annual water balance (Locatelli et al., 2015) and the 401 simplification is justified for citywide planning purposes. Efficiencies calculated using 402 the 3PA domains demonstrate that the same SCM performs differently within the 403 different rainfall domains. This is not necessarily evident to all professionals working 404 with city infrastructure, yet it is crucial to understand when making decisions on 405 investments in stormwater management systems. of extreme rainfall events is to build in a mechanism that ensures all possible storage 413 space is available at the onset of the rain event, e.g. based on a real-time control scheme 414 (Han, 2013 ). This will give a higher efficiency for Point C (and potentially also for 415 Point B), at the expense of the efficiency of Point A. In other words, keeping volume 416 available for rare events will reduce the volume managed annually. Our approach 417 facilitates a clear message to the non-technical decision maker: SCMs that exploit the 418 full potential for managing the annual water balance (illustrated by the efficiency 419 metrics of the everyday domain) will not perform optimally during all extreme events 420 (illustrated by the efficiency metrics of the extreme domain). As such, the design of 421 SCMs should explicitly take into account and balance the perceptions and findings in 422 relation to the main problems in the analysed catchment. 423
While it may remain challenging to interpret the efficiencies for rainfall control (E r and 424 E rmax ), the efficiencies for reducing potable water demand and wastewater production 425 have rather straight forward benefits. Reduction in potable water demand is a positive 426 outcome in terms of environmental protection of the water resource and reduced burden 427 on production and distribution of potable water. Reduction in wastewater production 428 saves operational costs at the wastewater treatment plant in case of combined sewer 429 systems, and may even in some cases delay or eliminate a need for expanding the 430 wastewater treatment plant. In catchments with frequent overflows from a combined 431 sewer system, the environmental benefit of reduced wastewater production may also be 432 The method is useful to assess and communicate: 444
• which rainfall domain a given SCM is most suitable for, 445
• how much rain an SCM can manage when designed and re-designed for 446 different design criteria, and 447
• how an SCM responds when its design criterion is exceeded. 448
The domains of the 3PA have been quantified for Danish conditions in terms of return 449 periods and rain depth. Based on this quantification, it was found that SCMs such as 450 rainwater harvesting or soakaways, designed to manage 100% of the rainfall from the 451 everyday domain, will manage only 29% of the rainfall from the design domain and just 452 18% of rainfall from the extreme domain. This indicates that SCMs are not very 453 effective means to reduce the risk of flooding. On the other hand, the efficiencies show 454 that by harvesting only a minor fraction of the total rainfall (9%), the annual volumes 455 conveyed to wastewater treatment can be reduced with 12% and the potable water 456 demand can be reduced by up to 19%. This suggests that large scale implementation of 457
SCMs may have substantial benefits in relation to resource utilization. 458 We believe that the simplicity of our method and the transparency of the results make it 459 well suited to communicate the evaluation criteria used by engineers to other 460 stakeholders involved in the decision process for SCMs such as urban planners and 461 politicians. 462
